Several studies have shown that the implementation of supply chain management (SCM) in the context of facilities management (FM) can resolve service delivery problems and provide significant benefit in cost savings and customer satisfaction. To fully utilize the benefits of SCM, the supply chain actors would require facilities' data, suppliers' information, and tools to share the information through a wide variety of users across the entire supply chain. Considering the wide range of spatial information used in the FM supply chain, this study develops a spatial data framework to manage data and disseminate information throughout a supply chain. The proposed framework uses building information modeling (BIM) capabilities to accurately provide existing information about the inside of a building and geographic information system (GIS) to support the wide range of spatial analysis used in the logistics perspective of the supply chain. Also, semantic web services are used to convey meaning and support the integration of information from all of these spatial, temporal and informational dimensions. The concept of the semantic web is applied in this study to provide semantic interoperability between BIM and GIS operations and to demonstrate the feasibility of the technology for the building and FM industries.
INTRODUCTION
Facilities management (FM) is an integrated multidisciplinary field that covers a broad variety of services (e.g. building maintenance, real estate management, change management, etc.) and brings together a wide range of property and user related functions for the benefit of the organization and its owners/stakeholders (Lehtonen and Salonen 2005) . One of the challenges facing facility managers today, particularly in the area of maintenance and repair, is the need for a system and process that delivers consistent services and solutions to their clients. A closer look at the classification of FM services from the perspective of sourcing strategy reveals how a facility manager can deploy supply chain management (SCM) solutions to resolve service delivery problems and provide significant benefit in cost savings and customer satisfaction (Lehtonen 2006) .
FM supply chain can be defined as a system of organizations, activities, and actors on the demand side of the chain (e.g. client, customers, users and visitors) as well as suppliers and other collaborating parties involved in the provision side of an FM service (Nelson and Alexander 2002) . The implementation of SCM in the context of FM can be seen as a way to deal with growing demands but constricted budgets and limited personnel. Within FM much of the supply chain is focused on maintenance, repair, and replacement services. To fully utilize the benefits of SCM, the supply chain actors (e.g. facility managers) would require facilities' data (e.g. data about inside of a building and surrounding landscape-level geospatial data), suppliers information (e.g. location of suppliers and their financial information), and tools to share the information through a wide variety of users across the entire supply chain (e.g. a web interface).
Two-way sharing of information between both parties is crucial requirement for the implementation of SCM to facilitate the delivery of FM services. Data and information sharing can be translated into frequent interactions between the FM supply chain actors, with access to precise and relevant information flow (Noor and Pitt 2009) . Although the types of services that go under the umbrella of FM are varied, the spatial data that exists in a facility database is used extensively as a primary source of data. Three potential processes associated with FM that could benefit from SCM are service calls and customer service, maintenance work, and replacement services. Improving data integration and visualization, as well as control in data collection are the main technology-related drivers that affect the performance of the entire FM supply chain (Scupola 2012) . Considering the role of spatial information and related tools and technologies used in the FM supply chain, a spatial data framework is developed to support the sharing of geospatial data and analytical models and improve the process of decision making in management of facilities.
The framework proposed in this paper uses building information modeling (BIM) capabilities to accurately provide existing information about the inside of a building and geographic information system (GIS) to support the wide range of spatial analysis used in the logistics perspective (warehousing and transportation) of the supply chain. Building information models provide properties about all of the elements of the building (e.g. identification information, maintenance information, and life-cycle condition-based information) that are inevitable components of any FM data framework. Using BIM information, it is possible to replace a part with a new one when it is out of function, preventive maintenance can be scheduled at regular time intervals, and parts can be ordered only when needed. Moreover, descriptive information (e.g. transportation network, asset locations, etc.) in GIS should be used to reduce transportation and logistics costs. The main benefits that a facility manager can expect from integrating BIM and GIS with FM are described in the following sections.
BIM FOR FACILITY MANAGEMENT
BIM tools provide information-rich models of the built-environment with the capability to incorporate a variety of as-built building and equipment information. The richness and reliability of the information provided by BIM allows facility managers to populate and edit the FM database in a faster and more accurate way. The database includes information about the maintenance operations, scheduled parts replacement, and work orders for every piece of equipment. Linking FM-related information with the building model (e.g. spaces, geometric properties, and functional requirements) can help better visualize the FM process and ensure rapid response to clients' needs (Eastman et al. 2011) . Having the related installation and supplier's information, the facility manager is able to deal with service calls or customer service more efficiently and take any necessary action to ensure that the complete system is functioning appropriately. The required information can be accessed from a BIM model that contains essential information about any installed equipment, such as warranty, service contract, manufacturer data, and status on repair.
The rapidly evolving commercial software applications and tools that support BIM for FM is causing professional associations and standards organizations to offer data exchange mechanism for the adoption and use of building information models. Among these organizations is the National Building Information Model Standard (NBIMS), under the direction of the buildingSMART alliance, which developed Industry Foundation Class or IFC as a neutral standardized and industry supported data exchange mechanism for sharing building information models (Teicholz 2013) . The IFC Model is developed as a set of modules, and each module provides further model detail within the scope requirements for individual domains such as architecture, structural engineering, FM, and so on. The FM domain is based on four layers of schemas defining basic concepts that support information exchange and sharing within the domain of interest of the facilities manager (Figure 1 ). These schemas are:
(1) IfcFacilitiesMgmtDomain, (2) IfcSharedMgmtElements (3) IfcSharedFacilitiesElements (4) IfcProcessExtension.
As can be seen, the above schemas of IFC addresses many FM processes, objects and relationships (Mitchell and Hans Schevers 2007) . 
GIS FOR FACILITY MANAGEMENT
GISs are a computerized tool designed to map and analyze geographic relationships between spatial objects, and offer many benefits to the FM community by displaying building assets, such as utilities and landscape infrastructure, in a digital map format. GIS has been used successfully in various areas of FM, including space management, visualization and site planning, operation and maintenance services, and emergency management, as well as SCM applications. The use of GIS to fulfill the demands on space and inventory management for rooms and building on University of Texas at Dallas campus is a good example of these applications (Valcik and Huesca Dorantes 2003) . The result was the spatial inventory database, which includes a georeferenced database linked to nonspatial data through the use of GIS. Another study used GIS to map the entire supply chain process and to provide an optimal solution that minimizes the logistics costs including order preparation cost, warehousing and transportation (Irizarry et al. 2013) .
Having detailed material and component properties of the building in the GIS, it is possible to support the wide range of spatial analysis used in the logistics perspective (warehousing and transportation) of the FM supply chain. GIS uses descriptive information (e.g. transportation network) and groups building and site work orders based on asset locations to reduce transportation and logistics costs. In order to achieve logistics' aim of reducing costs, while simultaneously improving customer satisfaction, we can reduce costs due to reduction in inventory costs and lead times, and aggregate different demands into one pool of storage. To do this, GIS analysis requires information such as the locations of customers, inventories and manufacturing resources.
While GIS systems mainly focus on outdoor environment, BIM technology is available to register objects inside of a building. FM workflows require work both inside and outside buildings and across the entire supply chain. Integrating BIM and GIS in a spatial data framework can provide an effective way to apply geospatial analysis and visualization to FM processes that occur inside and outside buildings. Liu and Issa (2012) utilized both technologies for detecting and mapping pipe network information. Although the study mainly relied on BIM and GIS visualization capabilities, it showed how facility managers can benefit from an implementation of BIM in geospatial context. Despite these benefits, there are only few FM software products that accept the input of BIM and GIS together. Figure 2 shows the FM commercial software products that have links either to BIM or GIS. The primary barrier lies with lack of interoperability across different data formats used in the FM supply chain. 
INFORMATION EXCHANGE AT SEMANTIC LEVEL
As described earlier, the spatial data framework is a shared repository of FM data from BIM and spatial analysis tools from GIS. For the spatial framework which utilizes spatial data from different standards and file formats, it is important to assess the degree of interoperability with other tools used in FM (e.g. Computerized Maintenance Management System (CMMS)). Many of the FM activities do not fully take advantage of the benefits BIM provides to the design and construction practice, primarily because of lack of information needed to manage a building (e.g. asset details, equipment maintenance data, etc). One standard approach, Construction Operations Building information exchange (COBie), is aimed to supply and transfer the missing data from BIM to an FM data system. Several CMMSs support direct import of COBie information. On the GIS side, the development of the Building and Interior Space Data Model (BISDM) provides a GIS-based data model to visualize the interior spaces of a building and support interior space management. In the BISDM, the data is structured like a COBie system, with a number of different perspectives on buildings such as floor information, property information, room information, and so on.
Although these approaches provide information about buildings in an organized and standardized way, there are major limitations in their application. There are no tools to transfer the BISDM data into BIM (or COBie data into GIS). Even if the FM data are transferred by other data formats (e.g. using an IFC data format), their precise meaning is not understood by the BIM (or GIS) platform. Additionally, SCM is not limited to BIM and GIS systems. It consists of a network of multiple businesses and suppliers, each having their own ontology to describe the domain knowledge. In order to fully utilize these two technologies in FM SCM, there is a need for semantic interoperability solutions between these different tools. As the highest level of interoperability, semantic interoperability is used to structure and organize domain knowledge about an object or a phenomenon. As a result, software can automatically process and integrate a large amount of information without a human intervention (Kalfoglou 2010) .
With the aim of facilitating the knowledge sharing and re-use among the various parties, this paper uses semantic web services to convey meaning and support the integration of information used in the FM supply chain. With the aid of semantic web services and a set of standardized ontologies for facility SCM, heterogeneous spatial and temporal data can be seamlessly queried and integrated between the various FM systems. The ontologies specify a set of classes, attributes, and relationships to provide meanings for the vocabulary used in FM domain of knowledge. If we consider a "class" as a group of things with something(s) in common, then unified identifiers are used to identify things. Also, we need to provide useful information (e.g. attributes and relationships) about the things using standard formats. The spatial data framework can be used in conjunction with semantic web technologies to deliver interoperability at the semantic level. The next section describes the components of the semantic services approach and provides readers with a better understanding of how FM SCM data (e.g. BIM data, GIS layers, suppliers' services) can be translated into a semantic web data format.
ROLE OF SEMANTIC WEB IN THE SPATIAL DATA FRAMEWORK
The spatial data framework is a shared repository where different FM data sources are connected using semantic web ontologies and semantic web compliant query languages. The overview of data conversion process and information flow among the various components in the proposed system is shown in Figure 3 . After describing each component, a scenario example is presented to demonstrate the application of the proposed framework. At the beginning of the system application, the building's elements (e.g. equipment and assets) are defined and their scheduled or preventive maintenance schedules are included in the BIM model. In order to exchange BIM data without becoming dependent on product or vendor specific file formats, the required amount of building information should be provided as an IFC file. This is the most general standard available to the architecture, construction, and FM industry supporting open sharing and exchanging of BIM data. Using the IFC specification, we can define an object with different geometries and different contextual information, and add simple meta-data into the model entities within the FM domain (see Figure 1) .
The standard format that the semantic web infrastructure uses to mix, expose, and share data across different applications is called the Resource Description Framework (RDF). The RDF data model represents a relationship (or a predicate that donates a relationship) between a subject and an object (World Wide Web Consortium 2013a). As an example, "The lighting fixture has the operating voltage of 24V" can be represented in RDF as this collection of triples; a subject donates "the lighting fixture", a predicate donating "has the operating voltage of", and an object donating "24V". The IFC was designed and written as a separate EXPRESS schema by BuildingSMART. Therefore, the IFC model needs to be transformed into RDF by transforming an EXPRESS schema into RDF ontology. The World Wide Web Consortium (W3C) provided useful semantic web programs such as CWM that can be used for parsing the IFC files into RDF format. CWM is a general-purpose data processor for querying, checking, transforming and filtering information on the semantic web (World Wide Web Consortium 2013b). Having the IFC ontology, it is possible to generate IFC/RDF instances from the IFC file and add them to an RDF model. This step handles all of the IFC to RDF attribute data conversion.
Additional attributes or descriptive information related to entities across the landscape or exterior environment is stored in GIS model. Because FM workflows require both inside and outside information of buildings, all data in the GIS database need to be transformed into RDF by annotating data with some ontologies. These ontologies define the properties of the GIS layers such as the floor, zone, interior space, and so on. Most of the GIS data are built based on relational models, however, a semantic database uses graph structures with triples format for storing and transmitting data. The first step in transferring GIS data to triples is to convert the data into Geography Markup Language (GML) format, a standard developed by the Open Geospatial Consortium (OGC). Using GML helps to define an extended markup language-based data access language to support interoperability with GIS software packages. The data are extracted from the database using Quantum GIS, an open source GIS that supports GML and other data formats necessary for the data (QGIS 2013) . The conversion step makes use of an available Application Programming Interface (APIs), GeoTools, for the manipulation and parsing of GML data into RDF. The GeoTools is a Java API developed and maintained by the Open Source Geospatial Foundation which provides standards compliant methods for the manipulation of GIS data (GeoTools 2013). Now it is possible to extract building and geographic features as well as all attributes related for each feature type (e.g. predicate representing the spatial relation), and write the data into an RDF model. The Jena API is used to manipulate the FM ontology and manage the parsing and storing BIM and GIS data in RDF model. Jena is an open source Java framework for building Semantic Web applications. The class (or ontology) configuration is the core component of the spatial data framework, which defines the FM classes and relationships used in a particular application.
By defining the relations between triples, the proposed framework can integrate data from multiple businesses and suppliers. It is assumed that suppliers' data is modeled as valid semantic data, where a set of "subjects" and "objects" are connected by "predicates". A subject (or an object) may be labeled with a Uniform Resource Identifier (URI), which is a universally unique identifier. In order to link our data to data from third parties via reuse of URIs and prevent the problem of coreference, it is necessary to use only universally unique URIs.
Having data formats labeled with URIs, a query language is used to access and acquire the data. SPARQL is the standardized query language for semantic web, which retrieves and manipulates the data stored in RDF format. A SPARQL query consists of a set of triples like RDF triples except that each of the subject, predicate and object may be a variable. A typical SPARQL query looks something like "select distinct ?name where {?x is a ?name}". This query would return a list of subjects (or objects) in the database that are connected to another subject (or object) by the relation "is a". The main FM suppliers' data that need to be queried include supplier's information (e.g. location, services), inventory costs (capital, storage, taxes, insurance and obsolescence), transportation costs, vehicles characteristics and product unit. Following the previous steps, most information like the building's elements, schedule of preventive maintenance or replacement, and suppliers' information are available in the spatial data framework. The information is combined with spatial analysis functions in GIS to identify the optimal way to transport materials (or services) from a given supplier to the building. Finally, the updated status of the facility asset within the supply chain can be vividly demonstrated in the framework. The spatial data framework makes the FM-related information understandable to machines by converting the building data to RDF format and utilizes FM ontologies. Moreover, it maintains the ability to work with the building data in the original format. The application of this approach is demonstrated in a scenario example.
Assume that a facility manager notices that one of the lighting fixtures is not working. He accesses the BIM model of the facility to find the failure item and its properties. This information is represented in the Shared Building Services Elements schema of the IFC model. The spatial data framework converts the properties and entities of the lighting fixture saved in IFC file into RDF classes and packages. Figure  4 shows an extraction of the entities and instances related to the lighting fixture in IFC being translated to RDF. In addition to the information about the inside of the building, GIS module of the framework maintains a comprehensive geographical database for landscape and transportation networks. Regardless of their original format, all GIS attributes are represented as GML feature properties (see Figure 4) . Having information on properties and locations of building assets in RDF format would allow quick access to other information from third parties, though a more effective solution would require FM ontologies allowing seamless share and re-use of data and knowledge. The existence of such ontologies would provide the foundation for the taxonomic hierarchies of classes and relation type data representations (e.g. one-to-one mapping relationship) in the framework (Anumba et al. 2008) . Figure 4 shows an ad hoc FM business ontology that represents RDF triples in the form of node (subjects and objects) and arc (predicates) diagrams. As mentioned earlier, it is assumed that facility resource suppliers use the semantic web services technology to semantically define and publish their information, thus, allowing the facility manager to use the latest resource information (e.g. location of supplier, resource cost, etc.). The proposed framework uses GIS spatial analysis tools to manage the lighting fixture supply chain. For example, once the availability of resources that satisfies the building constraints is developed in separate GIS layers, the facility manager can find the suppliers that are located within specific distance from the facility. Another SPARQL query example regarding this case is provided in Figure 4 .
CONCLUSION
The SCM is of direct benefit to the FM industry. Given the importance of building and spatial data in the FM supply chain, the proposed framework uses BIM and GIS for the management and analysis of spatial relationships, and semantic web technology for the integration of information in the FM supply chain. This paper shows how different tools in FM SCM can be integrated to support the semantic interoperability. To achieve interoperability at the semantic level, data obtained in the form of a class hierarchy of building objects or relational databases of GIS models need to be transformed into a machine-understandable form to enable computers to process them. The framework makes use of available semantic web APIs and tools, such as CWM, GeoTools, and Jena to manipulate the FM ontology and manage the parsing and storing of FM data in the semantic web data format, and also takes advantage of available linked data from building product manufacturers, FM suppliers and online databases. However, having a shared facility ontology that is accepted within the FM industry is critical for successful integration between different tools used in such a framework. 
